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Abstract

In this study, a beta type Stirling engine with slider-crank mechanism having swept volume of 365 cm? was designed, manufactured
and performances tested. The design phase was first started by determining the operating parameters of the engine. The necessary
mathematical calculations were performed by considering the operating conditions of the Stirling engine with a slider-crank
mechanism to be manufactured. After determining the engine parameters, the dimensional design phase was started within the
tolerance limits of the engine parts. The parts were designed by the computer-aided SolidWorks program in solid modeling and by
the AutoCAD program in two-dimensional design and projecting. Each part used in the manufacturing of the Stirling engine was
assembled delicately in the assembly process. A prony-type dynamometer, liquefied petroleum gas (LPG) fuel, and electronically
controlled electric heater systems were developed to perform the performance tests and analyses of the manufactured engine.
Experimental studies were conducted at hot end temperatures of 627 °C, 727 °C, and 827 °C and at a cold end temperature of 27 °C
by utilizing an electrical heater as a heat source and air as a working fluid. According to the results obtained in experimental studies
for different heater temperatures and different charge pressures, it was revealed that engine power values increased depending on
the heater temperature and charge pressure increase. The maximum power values at all heater temperatures were acquired at a charge
pressure of 4 bar. In this study, the maximum engine power was obtained as 69.5 W at a hot end temperature of 827 °C, at a charge
pressure of 4 bar, and at an engine speed of 200 rpm when a stainless-steel displacement piston and air as a working fluid were
utilized, and the maximum engine torque value was obtained as 4.21 Nm at a charge pressure of 4 bar and an engine speed of 135
rpm. The lowest engine power among the maximum engine power values obtained in all experimental studies was found as 17.09
W at a hot end temperature of 627 °C, at a pressure of 1 bar, and at an engine speed of 185 rpm. The maximum power values of the
engine developed within the scope of this study at hot end temperatures of 627 °C, 727 °C, and 827 °C were determined to be 31.2
W, 48.3 W, and 69.5 W, respectively. Upon examining the results obtained from experimental studies, it is observed that the heater
temperature and charge pressure have significant impacts on the performance values of Stirling engines. Within the scope of this
study, a new power generation system that could use renewable energy sources was put into operation.
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1. Introduction

Along with the increase in population in the world, the difficulties in meeting the energy demand are increasing every day. Power generation
processes reveal many harmful emissions to the ecosystem (Hansen et al. 2019). When fossil-based fuels are used, large amounts of
greenhouse gases, especially carbon dioxide, carbon monoxide and hydrocarbon are emitted into the atmosphere (Guelpa et al. 2019; Lin
and Zhu, 2019; Nathaniel and Theonu, 2019). Renewable energy sources, such as solar, wind, wave, tide, geothermal and biomass, are used
to reduce greenhouse gas emissions. Nowadays, the importance of using energy effectively and efficiently is increasing every day (Gielen
etal. 2019; Krakowski et al. 2016; Ozcan et al. 2018). Considering these adverse reasons, the ability of Stirling engines to run with all types
of fuel provides an advantage in comparison with other energy generating systems. From another point of view, the fact that Stirling engines
can convert waste heat energies released into the environment from factory chimneys or systems producing with high heat into mechanical
energy is considered to be a significant gain in the efficient use of energy (Cinar et al. 2012; Erol et al. 2021).

Robert Stirling designed and manufactured a beta type Stirling engine running on the principle of external heat dissipation in 1816. This
engine was officially registered with patent No. 4081 (Stirling, 1816). The output power of 2 hp was obtained from the beta type engine in
having a swept volume of 0.103 m? using flue gases at 255 °C under atmospheric conditions (Finkelstein and Organ, 2004; Organ, 2014).
In 1818, this type of Stirling engines, which run more efficiently than steam engines, was used in water pumps in the mining sector. Air was
used as the working fluid in the first Stirling engines, and these engines were named “Air engine” (Cmar et al. 2012; Urieli and Berchowitz,
1984). In the 1860s, Wilhelm Lehmann conducted many studies on single-cylinder beta type Stirling engines. In the 1930s, studies on
developing Stirling engines were initiated again in Philips Research Laboratories to produce a little, silent, economic, and practice electric
generator for the purpose of meeting the electrical needs of radios. It is observed that until the 1950s, single-cylinder Stirling engines with a
slider-crank mechanism were designed and manufactured in Philips laboratories to be used as cooling machines (Rinia and Pre, 1946; Brey
etal. 1947; Weenen, 1947; Meijer, 1965). Due to these reasons, very extensive research and studies are conducted to develop machines that
can use renewable energy sources that may replace fossil fuels and are not dependent on the fuel type. Nowadays, the development process
of Stirling engines is continued by companies and universities operating in many different countries (Erol et al. 2017).

There are few studies in the literature examining the engine performance characteristics of the slider crank drive mechanism used in
Stirling engines. It is possible to summarize these studies in the following way.

Cmar, C. et al. conducted the design, manufacture, and performance tests of a beta-type Stirling engine with a slider crank drive
mechanism. It was indicated that experimental studies were carried out at heater temperatures of 800 °C, 900 °C, and 1000 °C using
ambient air as a working fluid at atmospheric pressure in this manufactured engine. It was explained that the Stirling engine started
running at a hot end temperature of 650 °C. According to the results obtained in experimental studies, it was reported that the maximum
engine power was acquired as 5.98 W at 208 rpm when the heater temperature was 1000 °C (Cmar et al. 2005). Cheng, C. H. et al.
investigated the thermal efficiency of a beta-type Stirling engine with a slider crank drive mechanism by employing a numerical model
and carried out the design study by conducting the theoretical analysis of the engine (Cheng and Yu, 2011). Gheith, R. et al. conducted
the design, manufacture, and performance tests of a beta-type Stirling engine with a slider crank drive mechanism. Torque, speed, and
power values were examined under different conditions by utilizing air as the working fluid for experimental studies in this engine.
The theoretical results obtained in the study were compared with the findings of the experimental studies. Furthermore, it was declared
that the performance results of the manufactured engine as a cooling machine were examined (Gheith et al. 2011). Reséndiz-Antonio,
M., and Santillan, M. developed a detailed mathematical model that simply addressed all the thermodynamic and mechanical details
of a Stirling engine with a slider crank drive mechanism and formed the basis for studying engine performance and conducted its
theoretical analysis (Reséndiz-Antonio and Santillan, 2014). Araoz, J. A. et al. developed a numerical simulation covering all
thermodynamic, thermal, and mechanical interactions of a two-cylinder Stirling engine with a slider crank drive mechanism. Within
the scope of this study, possible adverse effects limiting the engine performance characteristics were attempted to be determined. The
findings obtained from the theoretical study were compared with the experimental results of the engine. According to the results
obtained from the theoretical study, it was reported that the design changes made in the engine caused an improvement of approximately
26% in the performance (Araoz et al., 2015). Barreto, G. and Canhoto, P. carried out a study aiming to determine the energy generation
and efficiency of a beta-type Stirling engine with a slider crank drive mechanism running on solar energy using a parabolic dish. In
this study, they theoretically investigated the modeling and simulation of the system, including the thermodynamic and energy transfer
processes in the Stirling engine, all the main processes occurring in the compression, expansion and regenerator spaces and investigated
their effects on the engine’s performance. It was explained that the optimization model suggested in the research could be easily
adjusted to the dimensions and operating conditions of a Stirling engine with higher power outputs. Furthermore, it was reported that
it was possible to obtain higher performance characteristics by improving some negative aspects of the thermal receiver and Stirling
engine (Barreto and Canhoto, 2017). Erol, D., and Caliskan, S. performed the kinematic and thermodynamic analyses of bell crank,
slider crank, rhombic drive, and scotch yoke drive mechanisms for a beta-type Stirling engine with a swept volume of 365 cm® under
the same conditions. It was reported that the kinematic analyses of each mechanism were examined using the MSC Adams program,
and the pressure-volume changes depending on the crankshaft angle were calculated by employing the isothermal analysis method.
Moreover, the study explained that the effects of the working fluid mass, charge pressure, and heater temperatures on the net work
amount obtained for each mechanism during a cycle were examined in detail by conducting thermodynamic analyses. The theoretical
results of the performance characteristics of these different drive mechanisms were compared graphically (Erol and Caliskan, 2019).
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In this study; a beta type Stirling engine with a slider-crank mechanism having a swept volume of 365 cm?® was designed, manufactured and
performances tested. Basic calculations and computer-aided 3-dimensional (3D) modeling of the engine with the determined design
dimensions were realized. Material selection was made depending on the operating conditions of the parts before manufacturing. The values
showing which parts will be heat-treated and which of them will run between precision machining machines and tolerance values were
determined, and manufacturing processes were initiated. Many parts of the engine were machined directly on the CNC machine. Casting
molds were prepared for some engine parts, and the preparation of semi-finished products was ensured, and then they were machined on the
CNC machine. The assembly of each part manufactured within the manufacturing dimensional tolerance limits was performed starting from
the main body of the engine. Furthermore, the engine performance characteristics of a beta-type Stirling engine with a slider crank drive
mechanism were determined by utilizing air as the working fluid and an electrical heater as a heat source under laboratory conditions.

2. Material and Methods

Within the scope of this study, the design and manufacturing drawings of a beta type Stirling engine with a slider-crank mechanism,
for which a prototype would be manufactured, were performed using the SolidWorks program, which is a computer-aided design
program. The drawings of the designed Stirling engine with a slider-crank mechanism in SolidWorks environment from different angles
are presented in Fig. 1. The cycle in beta type Stirling engines is realized by the displacer piston and concentric power piston running
in the same cylinder, as is shown in Fig. 1. The cylinder volume in this type of engines is divided into two as compression and expansion
volumes by means of displacer piston. Technical specifications of the manufactured Stirling engine with a slider-crank mechanism are
presented in Table 1.

Figure 1. Schematic view of beta type Stirling engine with a slider-crank mechanism
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Table 1. Technical specifications of Stirling engine

Parameters Specification
Engine type Beta
Drive mechanism Slider-crank
Swept volume (cm?) 365
Displacer cylinder bore, Dd (mm) 88
Displacer piston bore (mm) 87
Displacer piston length, hd (mm) 200
Displacer piston stroke (mm) 60
Power cylinder bore, Dp (mm) 88
Power piston bore (mm) 88
Power piston length, hp (mm) 325
Power piston stroke (mm) 60
Cylinder length, Ht (mm) 514
Displacer rod length, Idr (mm) 189
Displacer rod bore, Dr (mm) 16
Displacer connecting rod length, Id (mm) 95
Power piston connecting rod length, Ip (mm) 205
Displacer crank radius, Rd (mm) 30
Power piston crank radius, Rp (mm) 30

2.1. Working principle and basic cycle of the Stirling engine

Stirling engines run as closed cycles on the basis of generating power during the repetition of the heating and cooling processes of the
working fluid isolated from external environment. Working fluid exhibits behaviors defined by gas laws (related to pressure,
temperature, and volume). When the gas is heated, pressure increases, and it generates power by affecting the power piston since it is
in an isolated area. When the gas is cooled, pressure decreases, and as a result of this, the piston uses a part of the work formed to
recompress the gas on the return stroke. The resulting net work creates the useful output power on the spindle. The working fluid is
transferred periodically between hot and cold heat exchangers. The working fluid was insulated within the engine cylinders. Therefore,
there is no exhaust gas in this type of engines. Unlike other piston engines, there is also no need for valves.
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Figure 2. P-V and T-S diagram of Stirling cycle with regenerator (Erol et al. 2017).
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The Stirling engine cycle pressure-volume (P-V) and temperature-entropy (T-S) working relationships are observed in Fig. 2. Volume
and pressure changes are taken into account in the work calculations. In the calculation of transferred heat, specific heat, temperature,
and volume changes in a constant volume are used.

Process 1-2: Compression at constant temperature and heat transfer from system to external environment

Process 2-3: Heat is supplied to system from an external source in a constant volume

Process 3-4: Expansion at constant temperature and continuation of the heat supply to the system

Process 4-1: Heat transfer from system to external environment in a constant volume

2.2. Design and manufacturing of a beta type Stirling engine

The explanations and schematic drawings of the material properties of the engine block and side covers, crankshaft, power cylinder,
power piston, displacement cylinder and piston, displacement piston power take-off, connecting rods, and flywheel, which form the
basic parts of the engine, are presented below. The assembly of manufactured beta type Stirling engine is shown in Fig. 3.

Engine block was determined as the casting material, and mold design was made. The engine block was cast into the prepared mold.
The semi-finished engine block that emerged from the casting was manufactured in a CNC machine as a single piece at the desired

dimensions and tolerances, resistant to a 10-bar pressure working fluid. The design and manufacturing drawings of the manufactured
engine block are presented in Fig. 4 and Fig. 5. The two sides of the engine block were closed by two covers bearing the crankshaft.

Figure 3. Assembly views of the prototype Stirling engine with a slider-crank mechanism

15



UMAGD, (2022) 14(1), 10-23, Yaman & Erol

e U (ST
Ll ol

Figure 5. Three dimensional solid model and actual views of the engine block

The crankshaft was manufactured in one piece of the AISI/SAE 4140 material, and its journal surfaces were precisely ground. While
the dynamic balance of the crankshaft was connected to the horizontal balancing device, the part was made by being unloaded over the
balance weights. After the crankshaft journals subjected to balancing were ground, the surface quality was improved by polishing. The
outer rings of the tapered bearings on the main journals of the crankshaft were placed on the centering bearings found on the covers of
the block. The covers fix the crankshaft through the tapered bearings on both sides. The design and manufacturing drawings of the
crankshaft are presented in Fig. 6. The flywheel was manufactured of the AISI/SAE 1040 (DIN C40 tempered steel) material.
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Figure 6. General views of the crankshaft designed in the SolidWorks environment

The power cylinder and cooler body were manufactured in two pieces of the AISI/SAE 303 material. Heat treatment was applied to
this part to increase the frictional resistance between the piston and cylinder. The power piston was manufactured in one piece of the
7075 series aluminum alloy. A piston ring was not used to ensure sealing in the power piston. To provide sealing, the outer surface of
the power piston was manufactured precisely, and a running clearance of 0.05 mm was provided between it and power cylinder. Power
piston and displacer connecting rods were manufactured in two parts of the 7075 series aluminum alloy. Since the rod of the displacer
piston passed through the middle of the power piston of beta type Stirling engines, it was turned and machined precisely by placing
bronze material in the middle of the power piston. In this way, mechanical losses were minimized by ensuring the sealing of better
quality between rod of displacer piston and rod of power piston.

Figure 7. Power cylinder and cooler designed in the SolidWorks environment
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The displacer pistons were manufactured of the AISI/SAE 303 pipe material. The outer surface of one of these pistons was covered
with zirconium oxide to ensure thermal insulation. The design and manufacturing drawings of the displacer piston are shown in Fig. 8.
An uncoated stainless-steel displacer piston was utilized in the experimental studies.

Figure 8. Assembly view of the displacer piston and the fitting part

The displacer cylinder was manufactured in one part of the AISI/SAE 303 (DIN X8CrNiS18-9 stainless steel) material. The displacer
cylinder was connected to the power cylinder with the help of 8 socket head M6 bolts. To ensure sealing, the liquid gasket was used on the
surfaces where the displacer cylinder contacted with the power cylinder. The bottom part of displacer cylinder was manufactured with
flanges for the ease of assembly and better sealing. The design and manufacturing drawings of the displacer cylinder are shown in Fig.
9 and Fig. 10.

Figure 9. Schematic drawing of displacer cylinder designed in the SolidWorks environment
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Figure 10. Schematic view of the manufactured displacer cylinder

2.3. Test systems developed for the manufactured Stirling engine

After the manufacturing processes, the engine assembly was performed in the laboratory environment. After the engine assembly was
completed, the necessary environments were created in the laboratory of the Automotive Technology Department of Kirikkale
University to be able to perform experimental studies, and two different experimental setups were prepared. A Prony-type
dynamometer, liquefied petroleum gas (LPG) fuel, and electronically controlled electric heater systems were developed to conduct the
performance tests and analyses of the manufactured engine.

Figure 11. Experimental setup using liquefied petroleum gas (LPG)
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Figure 12. Experimental setup using an electronically controlled electric heater

3. Experimental Studies and Performance Tests

In this study, the design, manufacture, and performance tests of a beta-type Stirling engine with a slider-crank mechanism with a swept
volume of 365 cm?® were carried out. The performance tests of the manufactured Stirling engine were conducted at hot end temperatures
of 627 °C, 727 °C, and 827 °C and at a cold end temperature of 27 °C, using an electrical heater and air as a working fluid. Water was
used as a cold source. The results obtained in the experimental studies performed for different heater temperatures and different charge
pressures are presented in Fig. 13, Fig. 14, and Fig. 15. According to the results obtained, it was revealed that the engine power values
increased depending on the increase in the heater temperature and charge pressure. The maximum power values at all heater
temperatures were acquired at a charge pressure of 4 bar.

Upon examining the graphs, it was observed that the engine power values obtained at a charge pressure of 5 bar were lower than the
values obtained at a charge pressure of 4 bar. Experimental studies were tried to be conducted at a charge pressure of 6 bar. However,
since excessive power losses in the engine were observed, experimental studies were carried out for charge pressures of 1-5 bar. The
reason for the decrease in the engine power after 4 bar due to the increased charge pressure is the loss of engine performance due to
the insufficient heating and cooling times needed for the working fluid because of the increase in the amount of working fluid in the
cylinder.

In all experimental studies performed in this research, low engine power values were obtained due to the lack of a sufficient amount of
the working fluid in the cylinder at low charge pressures. When the graphs are examined in detail, it is observed that the engine power
obtained at low speeds for each charge pressure is higher than that obtained at high speeds. The reason for this originates from the fact
that the heating and cooling times required for the working fluid are adequate at low engine speeds, while the heating and cooling times
required for the working fluid are not adequate at high engine speeds due to the increase in speed. Hence, a certain part of the power
that can be produced from the engine is lost in this way.

The maximum engine power was acquired as 69.5 W at a hot end temperature of 827 °C, at a charge pressure of 4 bar, and at an engine
speed of 200 rpm, and the maximum engine torque value was obtained as 4.21 Nm at a charge pressure of 4 bar and at an engine speed
of 135 rpm. The lowest engine power among the maximum engine power values obtained from all experimental studies was determined
to be 17.09 W at a hot end temperature of 627 °C, at a pressure of 1 bar, and at an engine speed of 185 rpm. During the experimental
studies, the best performance values were obtained at a hot end temperature of 827 °C and a charge pressure of 4 bar. Upon examining
the results obtained in the experimental studies, it is observed that the heater temperature and charge pressure significantly affect the
performance values of Stirling engines. To improve the operating parameters of Stirling engines, it is of great importance to design
special heaters and heat exchangers in order to transfer the heat energy taken from the hot source to the working fluid at maximum
efficiency. Moreover, it is desired that the working fluid used in Stirling engines has a high thermal conductivity and a low density.
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4. Conclusions

In this study, a beta type Stirling engine with a slider-crank mechanism having a swept volume of 365 cm®was designed, manufactured,
and testing. The engine parts, of which solid models were created before manufacturing, were assembled in the SolidWorks design
program, and the theoretical study simulations of the engine were performed. The conditions that would affect the operating conditions
in the cyclical test simulation of the engine were re-evaluated in the SolidWorks program, and the necessary design corrections were
applied. After the design study was completed, the parts of the Stirling engine were produced with advanced technology CNC
manufacturing techniques by selecting materials suitable for the operating conditions. After the manufacturing processes, the assembly
of the engine parts was performed in the laboratory environment. After the engine assembly was completed, the necessary environments
were created in the laboratory of the Automotive Technology Department of Kirikkale University to conduct experimental studies, and
two different experimental setups were prepared. Unlike internal combustion engines, Stirling engines are systems that generate power
using all kinds of heat energy sources. A Prony-type dynamometer, liquefied petroleum gas (LPG) fuel, and electronically controlled
electric heater systems were developed to conduct the performance tests and analyses of the manufactured engine. Experimental studies
were carried out with air as working fluid. Torque and engine power output changes were acquired depending on the engine speed,
heater temperature, and charge pressure. The maximum engine power was acquired as 69.5 W at a hot end temperature of 827 °C, at a
charge pressure of 4 bar, and at an engine speed of 200 rpm, and the maximum engine torque value was obtained as 4.21 Nm at a
charge pressure of 4 bar and at an engine speed of 135 rpm. The lowest engine power among the maximum engine power values
obtained from all experimental studies was determined to be 17.09 W at a hot end temperature of 627 °C, at a pressure of 1 bar, and at
an engine speed of 185 rpm. During the experimental studies, the best performance values were obtained at a hot end temperature of
827 °C and a charge pressure of 4 bar.
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